Mycoparasites collected from aerial parts of the cocoa plant (Theobroma cacao) have shown great promise in the control of black pod, caused by Phytophthora palmivora, and moniliasis, caused by Moniliophthora roreri. However, the ecology of epiphytic mycoparasites is still poorly understood although it has a direct bearing on applied biocontrol practices, ranging from the identification and isolation of promising biocontrol candidates to formulation needs and required application frequency. One objective of this study was to determine the natural abundance of mycoparasites on cocoa flowers and pods in relation to crop development stage and cultivar. For this purpose, native mycoparasites were detected on cocoa flowers and pods using the precolonised plate baiting technique. Furthermore, the survival of an applied Clonostachys rosea isolate on cocoa pods on shaded and non-shaded trees was compared as well as the recolonisation patterns of surface-sterilised pods by native mycoparasites under these conditions. Clonostachys spp. were the most commonly isolated native mycoparasites, followed by Fusarium spp. No differences in the occurrence of native, epiphytic mycoparasites were observed between the three main cocoa cultivars, 'Criollo ', 'Forastero ' and ' Trinitario ', nor between clones within these groups. Thus, a single biocontrol inoculum can be suitable for application to cultivar mixtures of cocoa commonly grown together in a field. Different susceptibility classes of segregating F1 populations of hybrids with resistance against M. roreri and P. palmivora supported similar population levels and taxonomic assemblages of mycoparasites. Therefore, we reject the hypothesis that these antagonists mediate resistance. Mycoparasite abundance and genetic disease resistance to black pod and moniliasis are independent phenomena and should lead to additive effects if employed simultaneously in an integrated disease management programme. The survival of applied C. rosea was not affected by the shading regime or any other meteorological parameter measured. On the other hand, recolonisation of surface-sterilised cocoa pods by most native mycoparasites was faster in the shade. Only Trichoderma spp. colonised pods exposed to direct sunlight faster than shaded ones. The implications for the design of biocontrol inocula and formulation technology are discussed.
INTRODUCTION
There are relatively few biocontrol agents (BCAs) of epiphytic pathogens compared with BCAs of soilborne pathogens (McSpadden Gardener 2002) and post-harvest pathogens (Janisiewicz 1991) . Of the few in existence, a large proportion is restricted to greenhouse applications (Elad et al. 1998 , Elad 2000 . One reason for this is the more pronounced fluctuation of environmental conditions, such as temperature and humidity, on aerial surfaces of field-grown plants (Andrews 1992) . Free water and moderate temperatures are required for germination of BCAs (Yu & Sutton 1998 , Ko¨hl & Molhoek 2001 while high humidity favours their development and activity (Bastos 1996 , Ko¨hl & Fokkema 1998 , Verhaar, Hijwegen & Zadoks 1999 . Other factors adversely affecting epiphytic BCAs are a scarcity of nutrients (Andrews 1992 , Ko¨hl & Fokkema 1998 , wash-off by rain (Boff et al. 2001) , and the lethal effect of UV-radiation (Rotem, Wooding & Aylor 1985) on plant surfaces. As a result, epiphytic BCAs have to be applied frequently (Lo, Nelson & Harman 1997) or in formulations with nutritious (Fokkema et al. 1979) or protective (Elad et al. 1998 , Verhaar et al. 1999 additives. These requirements increase the cost of biocontrol.
Further challenges facing biocontrol on aerial plant surfaces are the variety of tissues and physiological development stages that are to be protected against infection. Protection of raspberry (Rubus idaeus) flowers against Botrytis cinerea required a higher inoculum density of Clonostachys rosea (syn. Gliocladium roseum) than protection of stems and leaves. Furthermore, different cultivars supported different population levels of C. rosea and exhibited distinct rates of decline of their population densities after application (Yu & Sutton 1999) . Mature leaves of pepper (Capsicum annuum) and tomato (Lycopersicon esculentum) supported higher population levels of Trichoderma harzianum than young leaves. Different fertiliser compositions interacted with the leaf-age effect (Elad & Kirshner 1993) .
In the biological control of cocoa (Theobroma cacao) pod diseases, mycoparasites isolated from aerial plant parts have shown great promise. In a case study, moniliasis, caused by Moniliophthora roreri was reduced even under unshaded conditions. A yield response, however, was achieved only in shaded cocoa and if the BCA application commenced as early as flowering (Krauss & Soberanis 2001a ). The authors prioritised both shade regime and timing of application for in-depth study. Later results suggested that the application frequency, and hence cost of biocontrol, could be drastically reduced if the timing of BCA application was adjusted to the development stages of the crop. Three well-timed sprays per season were as effective as ten regular applications at fortnightly intervals (Krauss & Soberanis 2002) . However, the authors concede that the determination of an optimised application frequency varies from area to area and that a lot more work on the ecophysiology of cocoa and the epidemiology of BCAs remains to be done.
The ecology of epiphytic mycoparasites has received very little attention compared with soil-borne biocontrol candidates (Andrews 1992) . The objectives of our study were to determine the natural abundance of mycoparasites on cocoa flowers and pods in relation to development stage and cultivar. Furthermore, we compared colonisation patterns of native mycoparasites and the survival of an applied C. rosea on pods in the shade with those of pods in the sun.
MATERIALS AND METHODS

Natural occurrence of mycoparasites
Native mycoparasites were isolated from cocoa pods and flowers using the precolonised plate baiting technique described by Krauss, Bidwell & Ince (1998) . A first collection in Liboria, Tucurrique, in January 1999, aimed to compare mycoparasite levels on flowers and pods of different development stages. For this purpose, flowers, young pods (length <3 cm), medium pods (length 3-10 cm) and mature pods (length >10 cm) were collected from two cocoa cultivar clones, 'Matina ' and an unidentified ' Forastero' clone. In this experiment, both Phytophthora palmivora, the causal agent of Black Pod, and M. roreri were used as isolation hosts. The second and third collection in Cabiria, Turrialba, in September 1999, and in June 2001, respectively, aimed to compare different cocoa clones for their natural abundance in mycoparasites. Four clones (Table 1) of each of the cultivar groups 'Criollo ', 'Forastero ' and ' Trinitario ' were chosen. Only flowers were collected. The fourth collection concentrated on a segregating population (F1-generation) of the hybrid 'CatongorPound 12' in La Montan˜a, Turrialba in October 2001. Individual trees were identified as either 
Field survival study
The mycoparasite Clonostachys rosea strain APP0023 was used in this experiment. It had been isolated from a cocoa flower in Suretka, Talamanca, Costa Rica, using the precolonised plate method (Krauss et al. 1998) with Phytophthora palmivora as isolation host. The field of origin was under approximately 50% mixed shade in a typical cocoa-growing area. The culture is deposited in the collections of biocontrol agents at CATIE, and CABI Bioscience. Working cultures were routinely prepared on half-strength potato dextrose agar (PDA) (Difco, Becton Dickinson, Sparks, MD) ; stock cultures were maintained on half-strength PDA slants and under water. Inoculum for field trials was produced by a two-step liquid/solid fermentation and field applications were carried out as described by Krauss & Soberanis (2002) . Cocoa pods were surface-sterilised by wiping them with 95% alcohol and spray-inoculated with C. rosea strain APP0023 (concentration : 5r10 6 conidia ml x1 ) to incipient run-off using a hand-held, pressurised sprayer (2 l sprayer, Volpi & Bottoli, Piadena, Italy). The experiment compared antagonist survival on shaded pods compared with pods in the sun. This experiment was carried out in CATIE's germplasm collection in Cabiria, Turrialba, from 7 Dec. 2000 to 18 Jan. 2001. Experimental trees were a random mixture of several 'Trinitario ' and 'Forastero ' clones. Ten randomly chosen replicate pods on different trees in unshaded conditions and under permanent shade provided by Erythrina poeppigiana and Inga spp. were used. Meteorological data were measured on site. Fungal detection followed the methodology of Piper et al. (2000) .
Experimental design, data recording and statistical analysis
Collections of native mycoparasites were made in a completely randomised fashion with three replicate samples per treatment and three replicate host plates per sample. For the field survival trial, three samples were taken from each of 10 replicate pods at each sampling date. A total of nine sampling dates were spread over a period of six weeks.
Counts and percentage data followed the Poisson and binomial distributions, respectively, and were analysed using the appropriate general linear model on Genstat 5 (Genstat 5 Committee 1993). Repeated measurements in time were computed as recommended by Zar (1996) . Hierarchical (nested) analyses were employed when clones within a genetic group as well as the groups were compared.
RESULTS
Influence of bait host and pod development stage on the isolation of mycoparasites
The most commonly isolated mycoparasites were Clonostachys spp., followed by Fusarium spp. (Fig. 1 ). There was no difference between isolation hosts for Clonostachys spp. (P=0.547). Phytophthora palmivora was the more efficient isolation host for total observations (P=0.001). The same trend was observed for Fusarium spp. and others ( Fig. 1 ) but these were not significant (P=0.454 and P=0.422, respectively). Due to its higher total susceptibility, P. palmivora was used as host for all subsequent isolations, except in the study on Moniliasis-resistant germplasm.
Native mycoparasites were detected as early as flowering. Their numbers did not change significantly throughout pod development (0.453fPf0.871) (Fig. 1) . The spectrum of mycoparasite species observed did not change either: 0.615fPf0.886 for Clonostachys spp., Po0.989 for Fusarium spp., and Po0.990 for others.
Influence of germplasm and season
In the preliminary study, no significant differences in mycoparasite numbers were found between the cultivars 'Matina' and the unidentified 'Forastero' for any of the common taxa (0.610fPf0.992), prompting further testing of this hypothesis (Fig. 1) . Table 1 shows the results of a more detailed study. In 1999, the most common mycoparasite genus was Clonostachys, followed by Fusarium. Trichoderma spp. and other genera were rarely observed and not recorded separately. Hierarchical analysis detected no differences in total mycoparasite counts between the main groups Criollo, Forastero and Trinitario (Po0.694 in 1999 and Po0.122 in 2001) A third experiment compared the abundance of mycoparasites on the F1-progeny of a segregating population of the hybrid 'CatongorPound 12 '. Again, the same two genera predominated (Table 2 ). This time, less frequently observed mycoparasites such as Trichoderma spp. and Penicillium spp. were also analysed. No difference was found between susceptibility classes for the total number of mycoparasites (0.134fPf0.788). For individual trees within a class, only the two extreme values differed from each other (P=0.042) : Black Pod susceptible tree 43 supported more mycoparasites than intermediate tree 6 and resistant tree 9. No differences between disease reaction classes were detected for the predominant mycoparasite genera Clonostachys (Po0.225), Fusarium (Po0.220), Penicillium (Po0.057), Trichoderma (Po0.142) or other pooled taxa (Po0.497). Similarly, no differences were observed between individual trees for Clonostachys Phytophthora palmivora Moniliophthora roreri Fig. 1 . Number of mycoparasites isolated from cocoa flowers and pods of different developmental stages of two cocoa clones on two pathogens as isolation hosts. The fourth experiment focused on the abundance of mycoparasites on the F1-progeny of a segregating population of several hybrids selected for resistance against Moniliophthora roreri. Similar to the previous experiments, the two dominant genera were Clonostachys and Fusarium (Table 3) . Again, no difference was found between susceptibility classes for the total number of mycoparasites (0.575fPf0.891). No differences (0.416fPf0.992) were found for individual trees within disease susceptibility classes. Also, for the different mycoparasite genera, Clonostachys (Po0.798), Fusarium (Po0.446), Trichoderma (Po0.574) and other pooled taxa (Po0.569) no differences between the different classes were observed. Similarly, no differences were observed between individual trees for Clonostachys (Po0.660), Fusarium (Po0.349), Trichoderma (Po0.576) and the unidentified pooled taxa (Po0.349).
Influence of shading on population dynamics of mycoparasites on cocoa pods
The population dynamics of mycoparasites on pods of shaded and non-shaded cocoa trees is shown in Fig. 2 . Naturally occurring Clonostachys was again the dominant genus; Trichoderma and Fusarium species had transient peaks, while Penicillium and pooled 'others ' exhibited a gradual increase over time. No simple, direct effect of meteorological factors (rainfall, solar radiation, humidity, temperature) over time was detected ( Fig. 3 ; analyses not presented). Neither periods of high rainfall nor of high solar radiation were associated with dramatic changes in epiphytic populations (Figs 2-3) . The mean relative humidity ranged from 78.6 to 99.9 % and was highly conducive for fungal growth; the minimum daily relative humidity ranged from 43 to 97%. Temperatures were consistently moderate with daily means ranging from 18.4 xC to 22.1 x, daily minima from 12.6 x to 19.0 x and daily maxima from 21.6 x to 30.3 x (Fig. 3) and, therefore, ideal for fungal growth. On pods inoculated with C. rosea APP0023, no significant differences between shade and full sun were observed with regards to the abundance of any common mycoparasite genus (0.080fPf0.985), but recolonisation with unidentified (other) species was significantly faster on shaded pods (P=0.001) than on pods in the sun. Populations of the inoculated C. rosea began declining after about one week. After two weeks, noninoculated pods had acquired high and indistinguishable populations of C. rosea. Populations of Clonostachys spp. visibly different from APP0023 followed a similar course on non-inoculated pods but maintained very low levels (<10 %) on inoculated pods. Recolonisation by APP0023-like Clonostachys was significantly faster in the shade than in full sunlight (P=0.006) but for other Clonostachys spp., this trend failed to reach significance (P=0.089). Fusarium spp. and other non-identified genera also colonised shaded pods faster than unshaded ones (P=0.017 and P=0.006). In contrast, Trichoderma was the only genus which recolonised pods in full sunlight faster than shaded ones (P=0.035). No difference between sun and shade was detected for Penicillium spp. (P=0.071) (Fig. 2) .
DISCUSSION
The most common, naturally occurring, epiphytic mycoparasites on cocoa were Clonostachys spp., especially C. byssicola, C. rosea, and similar species previously classified in Gliocladium and Verticillium (Schroers 2001) , Fusarium spp., Penicillium spp., and Trichoderma spp. These genera have regularly been reported as epiphytic mycoparasites and/or antagonists in the tropics (Blakeman & Fokkema 1982 , Vaishnav, Sabalpara & Khandar 1992 , Pandey, Arora & Dubey 1993 , Perello´et al. 2001 , some even on cocoa (Bastos 1996 , Krauss & Soberanis 2001b . Although best known as soil-borne antagonists, epiphytic isolates of Clonostachys and Trichoderma species are the most important filamentous fungi for biocontrol in aerial plant parts (Ko¨hl & Fokkema 1998) . Pre-emptive colonisation by antagonists is a fundamental tenet of biocontrol (Andrews 1992) . BCAs against Moniliophthora roreri have to be applied from flowering onwards (Krauss & Soberanis 2001a ) because the pathogen can infect as early as flowering and young cocoa pods (ftwo month of age) are most susceptible (Evans 1981) . In contrast, Phytophthora spp. cause most damage later during pod development. At this time, sporulation, i.e. inoculum production on pods infected by M. roreri, is also highest (Soberanis et al. 1999) . Sporulation of M. roreri is efficiently suppressed by BCAs (Hidalgo et al., unpubl.) . Thus, season-long protection is required and BCAs against both cocoa pod pathogens have to be sufficiently abundant throughout fruit development.
The fast expansion of cocoa pods has been identified as a limiting factor for chemical disease control (Evans, Edwards & Rodrı´guez 1977) . In contrast to fungicides, BCAs may be able to grow with the pod and occupy new niches as they become available. Our data suggests that cocoa supports similar numbers of mycoparasites throughout pod development, from as early as flowering through to maturity (Fig. 1) . These findings parallel those of Yu & Sutton (1999) who found similar rates of population decline of C. rosea on raspberry leaves and flowers. Morandi, Sutton & Maffia (2000) found C. rosea to sporulate equally well on rose (Rosa hybrida) leaves and flowers whether they were mature, senescent or dead, but conidia of C. rosea germinated best on necrotic tissue. Nevertheless, biocontrol efficacy was unaffected by the developmental stage of roses. Blakeman & Fokkema (1982) suggested that Trichoderma spp. have a preference for dead tissue. A canopy isolate of T. harzianum, however, controlled powdery mildew (Sphaerotheca fusca) better on young cucumber (Cucumis sativus) leaves than on old ones (Elad et al. 1998 ). We did not find age preferences for any of the commonly observed genera. If the natural abundance of mycoparasites is an indication of the population levels of applied BCA that the plant surface can support, then our results suggest that season-long protection of cocoa should be practicable.
In raspberry, inoculum density of C. rosea depended on the cultivar used (Yu & Sutton 1999) . We found no evidence of a varietal effect on the natural abundance of mycoparasites in cocoa. Neither members of the three main cocoa cultivar groups, 'Criollo ', 'Forastero ' and 'Trinitario' (Table 1) , nor the segregating F1-populations of hybrids with known disease reactions to Phytophthora palmivora and M. roreri (Tables 2-3 ) differed in the quantitative or qualitative composition of the mycoparasite population they supported. The importance of this finding is two-fold. Due to self-incompatibility, cocoa is usually grown as a mixture of different clones and/or hybrids (Mossu 1990 ). For practical purposes, it is desirable that a single biocontrol inoculum is suitable for all genotypes grown in one field. Our results suggest that this is a realistic goal. Furthermore, biocontrol is capable of reducing disease incidence but not of eliminating a pathogen completely. As a result, biocontrol is best suited for integrated disease management programmes where it can supplement other control strategies such as cultural and genetic control. A plausible hypothesis could submit that resistant varieties support higher populations of antagonists which, in turn, mediate resistance. This was proposed but subsequently disproved for wheat cultivars with differential reactions to the soil-borne pathogen Cochliobolus sativus (Atkinson, Neal & Larson 1974) . Based on correlative observations, epiphytic bacteria were hypothesised to mediate the reaction of cocoa to P. megakarya (Blaha & Paris 1987) . Our findings indicate that mycoparasite abundance and genetic disease reaction in cocoa to both P. palmivora and M. roreri are independent phenomena. This should lead to additive effects if both control strategies are employed simultaneously and thus aid integrated disease control.
Exposure to direct sunlight is damaging to a variety of fungi (Rotem et al. 1985) . However, strain mixtures of C. rosea isolated from shaded and non-shaded cocoa fields were able to reduce the incidence of Moniliasis independent of the shade regime in field trials in Peru. Yet, a yield response was observed only under shade, prompting the question as to whether this is due to biocontrol efficacy or crop physiology (Krauss & Soberanis 2001a) . Although the recolonisation of surface-sterilised, untreated cocoa pods with some assemblages of native mycoparasites was higher in the shade than in full sunlight, no significant effect on the survival of the applied strain of C. rosea or the recolonisation of antagonist-treated pods with native mycoparasites was detected (Fig. 2) . Formulation with UV-protectants did not improve survival of C. rosea in a previous study (Piper et al. 2000) . The predominance of C. rosea may be due to the subcuticular and even endophytic mode of infection of this mycoparasite (Yu & Sutton 1999 , Morandi et al. 2000 which confers a degree of protection against environmental fluctuations.
The recolonisation of non-inoculated pods by native mycoparasites was consistently faster than that of treated pods (Fig. 2) . Although we were unable to distinguish the applied strain of C. rosea (APP0023) from the background microbiota after two weeks, recolonisation patterns by visibly different Clonostachys spp. suggest that application of C. rosea shifted the microbial balance in favour of strain APP0023 for more than 40 d after application. Transient population peaks observed for Fusarium and Trichoderma spp. are in accordance with previous findings (Piper et al. 2000) and could imply a temporary biological void between the decline of populations of the applied strain and recolonisation of resident fungi. Future improvement of biocontrol formulations might extend the survival of applied agents but focused investigations would require the biocontrol strain to be distinguishable from background populations with certainty. This, in turn, would entail molecular and/or biochemical markers which could also be used to monitor biocontrol agents in commercial cocoa fields.
Interestingly, the only taxon which recolonised sunexposed pods faster than shaded ones was Trichoderma spp. (Fig. 2) . This renders Trichoderma spp. ideal candidates to be combined with C. rosea into mixed biocontrol inocula, because they could complement each other. Both genera have shown considerable promise in biocontrol of cocoa diseases, but only some combinations of Clonostachys with Trichoderma were compatible, while C. rosea suppressed Trichoderma spp. in others (Piper et al. 2000 , Krauss & Soberanis 2001b . Also in the present study, Clonostachys spp. coexisted regularly with Fusarium, whereas Trichoderma spp. were observed less frequently. The interaction of these two genera should be investigated in greater depth with a larger number of isolates in an attempt to elucidate the mechanism(s) of incompatibility between mycoparasites.
